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Abstract

Taking into consideration the wavelength dependence of the spectral radiative characteristics
of an absorbing plate and a transparent plate which are the main components of a flat-plate solar
collector, the performance of the solar collector was analyzed from the view point of the heat
balance on the absorbing and transparent plates based mainly on the radiation heat transfer
under the steady state. Two sorts of handmade solar collectors with selective and non-selective
wavelength characteaistics were constructed to compare the analytical result with a long term
experiment outdoors.

Comparison of the calculations with the measurements showed them to be in fairly good
agreement for both the selective and the non-selective collectors, and it was thus shown that

the prediction method could generally be applied to evaluate the collector’s performance.

1. Introduction

The leading research on the performance of a flat-plate solar collector is the
old paper by Hottel et al.’, and recently details of a procedure to predict the
performance of a solar collector have been reported by Whillier?. In these
researches, respecting the radiative properties of the absorbing and transparent
plates of the solar collector, however, the wavelength dependence of the spectral
radiative characteristics for solar radiation was not considered. On the other
hand, a flat-plate solar collector which is composed of a selective absorbing plate
such as black chrome and a selective transparent plate such as a glass plate is
in actual fact used in order to improve the collection efficiency of solar energy.
Therefore, the authors®® have carried forward the analyses and experiments
with the performance of the flat-plate solar collector considering the wavelength
dependence of the transparent and absorbing plates.

From among many fundamental approaches to evaluate the performance of
solar collectors, the distinguished measurements of collector performance were
vigorously carried out by the NASA-Lewis Research Center®® both indoors and
outdoors, and various testing methods were proposed in detail by Hill et al.” to
point toward the adoption of a standard test method for testing and rating col-
lectors.

* This paper was presented at the 21st National Heat Transfer Symposium of Japan, 1984,
(Kyoto).
#%x  Department of Mechanical Engineering, Kitami Institute of Technology.
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In this paper, the heat balance on the absorbing plate and the transparent
plate which are the main parts of a solar collector was considered for analysis,
and an evaluation of the collector’s performance at steady state was made taking
into account their spectral wavelength dependence. Moreover, the results pre-
dicted by the calculation were verified by a long term outdoor experiment using
a handmade solar collector.

2. Analytical Method

Referring to the relationship of heat transfer within the model of the solar
collector shown in Fig. 1, the equations of heat balance on an absorbing plate
and a transparent plate are as follows :

(QPAI F QPA2 I QP,\a) 50 (QPCV Sk QPR 3 QPCD == QPW) =0 ( 1 )
On the transparent plate ;
(QGAI + QGA2 + QGAS + QG:\4+ QPCV) oh (QGR + QGCVO + QGRO) S 0 ( 2 )

There is the research® dealing with the problem to be non-steady, because the
temperatures of the absorbing and transparent plates are minutely varied in rela-
tion to the heat capacity of the collector system, the meteorological conditions
for solar radiation, and so on. On a clear day, however, it is assumed that the
phenomena scarcely change during a short period, and the calculation is treated
as being under the quasi-steady condition in this analysis. Considering the spectral
absorptance and emittance of the absorbing plate, and the spectral transmittance
of the transparent plate, all the radiation components are integrated over the
wavelength, that is, every 0.02 ym from 0.36~1.0 zm of wavelength and every
0.2 pm for the range from 1~25 um of wavelength, and furthermore the spectral
distribution of solar radiation is also integrated by the same wavelength pitches
as shown above under the assumed air mass”. The calculation method of the
heat balance is essentially the same as that of the repeat calculation by Duffie
and Beckman® and Tanaka'®. Firstly, the following values; solar radiation
Qi(=A,J), air mass m, ambient temperature #,, wind velocity v, water tempera-
ture at the inlet pipe of the collector t,,,, flow rate of the water G, inclination

Ta(K), ta('C)

Qoro
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Fig. 1. Heat transfer mechanism in the solar collector model.
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angle of the collector #, heat loss factor from the side wall of the collector F;
are given for the calculation of Egs. (1) and (2). After the initial temperatures
of the glass #, and the absorbing plate ¢, are given to be equal to 7, and ‘e
respectively, both values of ¢, and ¢, are gradually increased independently until
the equilibrium of Eq. (2) is attainable beforehand, and then when the equilibrium
of Eq. (1) can be attained so repeatedly that the conditions of Eq. (3) and Eq. (4)
are satisfied, the calculation comes to an end.

With respect to the conditions between the absorbing plate and the water,
the heat absorbed by the water from the absorbing plate, Q',., is

Q,pw = Cw G<t,p T 2fwen) (1 = e_KW"LD/ch) ( 3 )

where, ¢, is the specific heat of the water, G is the flow rate of the water, K
is the total heat conductance between the absorbing plate and the water, W, is
the width of the absorbing plate, L, is the length of the absorbing plate.

On the other hand, the heat transported by the water flowing through the
collector tubes, 7 ,,, is caused by the difference between the water temperatures
at the outlet and the inlet pipes of the collector, and thus Q",, is

Q”pllY — C'II’G(tll'(BI_tH‘en) ( 4 )

Under the temperature of the absorbing plate ¢, assumed beforehand, the initial
value of the water temperature of the outlet ¢,,, is fixed to be equal to the water
temperature of the inlet #,,,, and when the condition of Eq. (3)=Eq. (4) is
satisfied by increasing t,,. gradually, then ¢,,, and 7, can be determined. In
this case, as Q',, must be equal to Q”,, and furthermore the heat collected
by the collector, Q,,, calculated by Eq. (1) must be equal to both Q',, and Q' ,.,
so the condition that Q,,=Q ,,=Q" . is required. Therefore, by comparing the
temperatures of the absorbing plate ¢, with #',, the calculation is repeated until
the difference between both converges below +0.1°C, and when this is satisfied
it is considered that equilibrium can finally be attained. Consequently, #,, #; Z.en
and ?,,, are determined, and the collector efficiency 7, can be calculated by

Net — pr/QO =Cw G<tzl,'c.z‘—tu'en)/AcJ ( 5 )

where, A, is the effective area of the collector, and J is the solar radiation.

Next, the contents of each term of Eqgs. (1) and (2) are as follows: The
heat absorbed by the absorbing plate from the solar radiation incident upon the
collector, Qpyy, is

QPAI 5H Z {apzfgz AcJ/(l —prpgl)} AFz(m)

Similarly, the heat reabsorbed by the absorbing plate from the radiation emitted
by itself, Qpas;

Qrse = X {ttpepnoTr* Aol(1— pppg) | AF:(T)

The heat absorbed by the absorbing plate from the radiation emitted by the
glass plate, Qpas;
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Qess = X {apepo Tt A(1— ppapp)| 4F,(T)

The heat absorbed directly by the glass plate from the solar radiation incident
upon the collector surface, Qgy ;

Qoar = Yoy A JAF(m)

The heat absorbed by the glass plate from the solar radiation incident through
it and reflected on the absorbing plate, Qgus ;

QGA2 % Z {agxpprgx AcJ/(l—szsz)} AFz(m)

The heat absorbed by the glass plate from the radiation emitted by the absorbing
plate, Qaas,

Quss = X {aueno Tt Auf(L— ppapp)} AF:(Ty)

The heat reabsorbed by the glass plate from the radiation emitted by itself, Qg4 ;

Qors = 2 {an0penoT e Ad(1— pppp)} 4F(T0)
The heat loss by radiation from the top surface of the solar collector, Qguro ;
QGRO T Z EgzUTG“AcAFz(TG) 7 Z aglo'TA4AcAFl(’I'A)

The heat transmitted by convection through the air layer between the absorbing
and transparent plates, Qpcy;

Qecy = Clt,—1) A,

The heat loss by convection from the top surface of the collector, Quevo;
Qacvo = Klty,—ta) A,

And .the heat loss from the back surface of the collector, Qpcp ; x
Qrop = Ku(ty—ta) AFy

Where, a,;, ¢, and p,; are the spectral absorptance, emittance and reflectance of
the absorbing plate respectively. g, ¢ p, and ¢, are the spectral absorptance,
emittance, reflectance and transmittance of the transparent plate respectively. o
is a Stefan-Boltzmann constant. A4F,(m), 4F,(T,), 4F,(T;) are the energy rates
of solar radiation with air mass m, of the blackbody radiation emitted from the
absorbing plate of temperature 7»(K) and of the blackbody radiation emitted from
the transparent plate of temperature 7;(K) at wavelength 2 respectively. C is
the heat transfer coefficient of the air layer within the solar collector. K, and
K, are the heat conductances on the top and back surfaces of the solar collector.

3. The Results of Calculation

3.1. Solar collector with selective characteristics

The selective characteristics of the spectral absorptance and emittance of the
absorbing plate, the spectral transmittance of the transparent plate (glass), and the
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spectral energy distribution of solar radiation of several air masses used for the
calculation are shown in Fig. 2. The collection efficiency calculated is shown in
Fig. 3, under the conditions that solar radiations are 300~700 kcal/m?h (1256 ~
2931 Jk/m?h, 349~814 W/m?), air mass m=1, ambient temperatures are 0, 10,
20 and 30°C, wind velocity is 0.5 m/sec, inclination angle of the solar collector
is 45°, and fractions of the heat loss from the side wall of the collector (=heat
loss factor F;) are 1.2, 1.5 and 1.8. In this Figure, each efficiency curve for
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Fig. 2. Wavelength dependences of radiative properties of glass and
selective surface, and energy distribution of solar radiation.
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Fig. 3. Collector efficiency calculated for the selective solar collector.
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Figs. 4(a), (b) and (c).

Collection efficiencies calculated for the non-selective solar collector.
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these three heat loss factors is not just indicated by a line, but by a bundle of
many lines which are over all ranges of (4¢/J) of the abscissa when varying the
values of both solar radiation J and outside temperature t,.

Each bundle of these lines is convex upward with a slightly negative trend
and spreads like a broom from one pomnt of small negative value of (4¢/J) with
increasing (4t/J). As it has the large values of 0.8 of 7, crossing the ordinate
and 0.2 of (4¢/J) crossing the abscissa, the effect of the selective characteristics
of the absorbing and transparent plates can clearly be seen. However, the

negative trend of the efficiency curve slightly increases with increasing the heat
loss factor Fj.

3.2. Solar collector with non-selective characteristics

The calculations for the collection efficiency of the solar collector with non-
selective characteristics are shown in Figs. 4 (a), (b) and (c¢) of which the proper
body is the same as described in the preceding section, but the absorptance of
the absbrbing plate is constant over all wavelengths. In Fig. 4 (a), the collection
efficiency was calculated under the conditions that the total absorptance a=0.9,
the spectral transmittance 7, is that of glass, the solar radiation J=300~700
kcal/m?*h (1256 ~2931 kJ/m?h. 349~814 W/m?) with air mass m=1, the wind
velocity v=0.5 m/sec, the inclination angle of the collector #=45°, the heat loss
factors F,=1.2, 1.5 and 1.8. Comparing the results calculated for the selective
and non-selective solar collectors, both values of the efficiency vurves crossing
the ordinate are nearly identical. For the non-selective solar collector, however,
the value of the efficiency curve crossing the abscissa (4¢/J) reduces to 0.13, and
as the collection efficiency goes down, so the effect of the non-selective character-
istics of the absorbing plate can clearly be seen. Each of the collection effleciency
curves gathered like a bundle is also convex upward with a steeper slope than
that of the selective collector. Also, as shown in Figs. 4 (b) and (c) the efflciency
curve is much affected by the absorptance of the absorbing plate and the wind
velocity, but little affected by the solar radiation and the inclination angle.

4. Experimental Apparatus and Procedure

In this experiment, a commercial solar collector made by S-Company was
dismantled, and its selective absorbing plate was firstly used in 1983 to construct
a new solar collector with the same selective characteristics as the original com-
mercial solar collector. Next, in 1984, a heat resisting black paint was sprayed
on the surface of the selective absorbing plate to make another solar collector
with non-selective characteristics. The structure and size of the sample solar
collector as well as the position of the attached thermocouples are shown in Fig.
5. The receiving area of the sample collector is 1/4 size of a commercial solar
collector and its effective absorbing area is 0.418 m?%. Zinc-plated steel iron was
used for the casing material and the proper body of the sample collector was
made by means of soft welding with solder. The header tube was connected
to the absorbing tube by means of hard welding with silver alloy. A 3 mm
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thick normal glass was used as the transparent plate fixed onto the casing with
small screws by medium of an aluminum sash, and the gap between the glass
and the aluminum sash was sealed with silicon bond. The bottom of the solar
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Fig. 5. Details of the handmade solar collector.
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collector was insulated by a 75 mm thick layer in total composed of 35mm
thick glass wool and 40 mm thick styrofoam, and the side wall of the collector
was also insulated by 20 mm thick glass wool.

Figure 6 is a block diagram of the experimental apparatus. With respect
to the operation procedure of the apparatus, water that flows down from the
header tank (Reserve tank 1) due to gravity is fed to the sample collector through
the inlet pipe. The water that is warmed while passing through the inside of
the collector flows out from the outlet pipe, goes to the auxiliary tank (Reserve
tank 2) and is then pumped up to the header tank again. In order to prevent
the over feed of the water, an overflow pipe was devised on the header tank
in this apparatus. Pipe made from polychloride vinyl was used for the piping
and the outside of the pipe lines and the tanks were strictly insulated.

For the measurement of the temperature at various parts of the apparatus,
thermocouple detectors were placed at each point shown in Figs. 5 and 6. Hence,
the points used to measure the temperature were as follows : the inlet and outlet
pipes of the collector, the front and back surfaces of the glass plate, the air
layer between the glass and the absorbing plates, the surface of the absorbing
plate, the insulation layer of the collector bottom, the center of the header tank,
the center and bottom of the auxiliary tank, and the outside and inside of the
room. The measurement of these temperatures was carried out every 30 minutes
from AM 9:00 to PM 3:00 on a clear day, and the values measured over 1.5 or
2.0 hours in the middle of solar noon were available for the data.

For the measurement of the flow rate, the weight of the water received in
a beaker for a fixed period was measured at the inlet pipe of the auxiliary
tank after flowing out of the collector. The rate of the water circulated through
the collector was coatrolled by a globe valve in four flow ranges of 75, 84, 111
and 120 kg/h.

In order to accurately measure the solar radiation, a pyranometer (EKO MS-
42) was placed on the surface with the same inclination angle as the solar
collector and the solar radiation was obtained as the value integrated for every

30 minutes.

5. Experimental Results and Discussion

5.1. Solar collector with selective characteristics

Figure 7 shows the experimental results obtained from July to November in
1983. The initial temperature of the water within the header tank was controlled
in the broad range from 10 to 60°C, so that the measured points could be
distributed widely over the abscissa. In this case, the flow rate of water was
constantly kept at G=75kg/h. The experimental equations and curves obtained
by means of the least squares method to approximate the measured results to
linear and secondary lines are also shown in Fig. 7. Comparison between the
experimental solid lines numerically regressed from the measurements and the
calculated dashed lines transferred from Fig. 3 shows that the experimental
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Fig. 7. Comparison between the measurements and calculations

lines lie near both sides of two calculated lines in the case of the heat loss factor
F,=1.5, except that the latter only exeeds the former at the value crossing the

ordinate.

for the selective solar collector.

5.2. Solar collector with non-selective characteristics

Figure 8 shows the experimental results obtained from August to December
in 1984 with the flow rate of the water G=84 kg/h. The experimental equations
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Fig. 8.
for the non-selective solar collector.

Comparison between the measurements and calculations
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Fig. 9. Collection efficiencies for all the experimental results.

and curves approximated linearly from the measured results are also shown in
the Figure. Comparing the experiments with the calculations shown in Fig. 4,
the former agrees well with the latter in the case of a=0.9 and F,=1.5 for
both the value crossing the ordinate and the inclination angle of the curve.
Additionaly, as shown in Fig. 9, almost the same results as above were also
obtained when measured at the flow rates G=75, 84, 111 and 120 kg/h.

Since the absorptance of the non-selective absorbing plate of the sample
collector is 0.9 in the infrared region, it is supposed that the value of absorptance
in the visible region may really be the same as this. The heat loss factor 1.5
which was used in these calculations approximates roughly to the value of 1.7
obtained simply as the ratio of the side wall to the bottom surface of the collector.

6. Conclusions

Taking into account the wavelength dependence of the spectral radiative
characteristics of the absorbing and transparent plates which are the main parts
of a flat-plate solar collector, the performance of the solar collector was calculated
from the view point of the heat balance on both plates based mainly on the
radiation heat transfer. At the same time, the measurements for the collector
performance were made by using two handmade solar collectors with selective
and non-selective characteristics by a long term outdoor experiment. The results
obtained under normal conditions are as follows :

1) The collector performance calculated for the selective solar collector is
more effecient because of the spectral radiative characteristics of both the absorb-
ing and the transparent plates, as indicated by a bundle of curves with large
values of 0.8 of 7, crossing the ordinate and 0.2 of (4t/J) crossing the abscissa.
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2) The collector performance calculated for the non-selective solar collector
is less efficient than above as indicated by the curves with the same large value
of 0.8 crossing the ordinate, but with values smaller than 0.2 crossing the abscissa
due to the non-selective characteristics of the absorbing plate.

3) The measurements of the collector performance for the handmade solar
collectors with selective and non-selective characteristics coincide with the results
calculated by means of the present analytical method in each case.

4) It was verified that the prediction by the authors’ present method can
generally be applied to the performance evaluation of any flat-plate solar collector.
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